Restriction site maps of chloroplast DNA (cpDNA), maternally inherited in Clarkia, were obtained in representative species of all seven diploid sections, the allotetraploid sect. Clarkia, and the outgroup Epilobium brachycarpum. CpDNA restriction site variation was analyzed by Wagner and Dollo parsimony, bootstrapping, and genetic distance methods. Four shortest Wagner trees, one of which was also the shortest Dollo and Bootstrap majority-rule tree, were examined along with 21 one-step longer trees. Section Myxocarpa was placed as basal in Clarkia followed by a trichotomy of the Rhodanthos lineage, the Eucharidium I Clarkia lineage, and the lineage including sects. Sympherica, Phaeostoma, Fibula, and Godetia. However, when trees only one step longer are considered, many of these sectional alignments are lost. Early and rapid divergence of most sectional lineages, coupled with higher rates of cpDNA restriction site homoplasy, is proposed to account for the lack of many synapomorphic restriction site characters at the sectional level in Clarkia. A comparison of the cpDNA results to morphology, cytology, and biogeography with respect to intersectional relationships is presented. Diploid sect. Fibula, previously believed to have originated through intersectional crossing between sects. Phaeostoma and Sympherica, has a chloroplast genome similar to one species of sect. Phaeostoma. Monophyletic lineages as previously described on the basis of the distribution of duplicated PGI genes are supported, but not fully so. The origin of the allotetraploid C. pulchella involved sect. Eucharidium as the maternal diploid parent and sect. Myxocarpa as the paternal diploid parent. The origin of C. pulchella was ancient, predating the divergence of the two extant species of sect. Eucharidium.
Clarkia is a distinctive genus in the tribe Onagreae (Onagraceae) and comprises approximately 44 annual species with all but one, the polyploid C. tenella complex in South America, endemic to western temperate North America. The landmark monograph of Clarkia by Lewis and Lewis (1955) pulled together Clarkia, Eucharidium, Godetia, and Phaeostoma on the bases of floral and vegetative morphology, chromosome number, and crossing relationships. Ten sections were recognized with diploid species confined to seven: Sympherica (formerly Peripetasma), Fibula, Phaeostoma, Eucharidium, Godetia, Rhodanthos (formerly Primigenia), and Myxocarpa. Polyploid species derived from intersectional crosses were placed in sects. Clarkia, Biortis, and Connubium, while the polyploid species from intrasectional crosses were placed in the parental diploid section. Subsequent researchers have stressed the naturalness of Clarkia based on morphological and cytological evidence (Raven 1979 (Raven , 1988 ) and on genetic evidence (Gottlieb and Weeden 1979; Pichersky and Gottlieb 1983) .
Putative relationships among the seven sections containing diploid species and polyploid sect. Clarkia are depicted in figure la. Ancestral clarkias are considered to have relatively large, lavender-pink, bowl-shaped (godetia-type) flowers with petal markings. These clarkias are self-compatible but outcrossed, possess the chromosome gametic number n = 7, and have a relatively northern distribution (Lewis 1980) . Such ancestral clarkias now best fit in the extant sect. Rhodanthos. Speciation in Clarkia has, thus, occurred primarily within habitats distributed from north to south and from mesic to xeric. Evolution has resulted in new morphological traits such as floral tubes (sects. Eucharidium and Clarkia), reduction in stamen number (sect. Eucharidium), changes in inflorescence architecture (several sections), extensive repatterning of the chromosomes with subsequent increasing and decreasing aneuploidy and polyploidy 280 (all sections), and autogamy (many sections). The large information base available in Clarkia and the specific progenitor-derivative species relationships identified in the genus have made Clarkia a model system for many subsequent evolutionary studies spanning over 35 years (Gottlieb 1973 (Gottlieb , 1974 Gottlieb and Weeden 1979; Holsinger and Gottlieb 1988; Lewis 1953a Lewis , 1953b Lewis , 1962 Lewis , 1980 Lewis and Raven 1958; Lewis and Roberts 1956; Narayan 1988; Raven 1988; Small 1972a Small , 1972b Small et al. 1971; Smith-Huerta 1986; Soltis 1986; Soltis et al. 1987; Sytsma and Gottlieb 1986a, 1986b; Sytsma and Smith 1988) .
The wealth of taxonomic and evolutionary information available for Clarkia since the Lewis' monograph (1955) suggested various changes in species relationships (e.g., Davis 1970) . Many of the changes reflect taxonomic attributes that differ from the traditional "phenetic/evolutionary" system of classification employed in the earlier studies (see Donoghue and Cantino 1988) . Two examples are illustrative. The first is the cpDNA and nuclear rDNA evidence for the origin of Heterogaura, the presumed "sister" genus of Clarkia, from within one subsection of Clarkia (Sytsma and Gottlieb 1986a, 1986b; Sytsma and Smith 1988) . Heterogaura, with its distinctive fruit and floral characters is now best viewed as having undergone rapid and recent morphological change since the split from its common ancestor with C. dudleyana Macbr. Traditional methods of inferring relationships did not suggest a close connection between Heterogaura and any group within Clarkia because of the major morphological changes (i.e., autapomorphs) that occurred in Heterogaura relative to all clarkias. The second example is the cpDNA and isozymic evidence for the "sister" species relationship of C. rostrata W. Davis (subsect. Sympherica) and C. epilobioides A. Nels. & Macbr. (subsect. Micranthae) (Odrzykoski and Gottlieb 1984; Sytsma and Gottlieb 1986b; Sytsma and Smith 1988) despite the overwhelming phenetic similarity of the former species to C. lewisii Raven & Parnell and C. cylindrica (Jepson) Lewis & Lewis (Davis 1970; Lewis and Lewis 1955) . Rapid morphological change in C. epilobioides, as in Heterogaura, has led to misleading systematic conclusions when a traditional "phenetic/evolutionary" analysis was used. It is possible that a morphologicallybased cladistic analysis might also be unable to resolve relationships found by DNA studies, Lewis and Lewis (1955) . Asterisks indicate sections exhibiting the PGI gene duplication. Gametic chromosome numbers follow each section. b. Relationships among the seven diploid sections of Clarkia incorporating the distribution (asterisks) of the PGI gene duplication; after Lewis (1980) . Gametic chromosome numbers follow each section.
because capsule characters useful in Clarkia taxonomy are totally missing in Heterogaura with its indehiscent one-seeded fruits. Cladistic analysis of Clarkia using morphological, cytological, and ecological characters is presently being pursued.
Recently proposed systematic relationships among sections within Clarkia, based on duplications and subsequent losses of genes encoding enzymes of glycolysis, differ substantially from the phylogeny proposed on morphology, chromosomes, and crossing studies by Lewis and Lewis (1955) . Gottlieb (1977) and Gottlieb and Weeden (1979) provided evidence that a duplication of the gene encoding the cytosolic enzyme of PGI (phosphoglucoisomerase) defines as a monophyletic lineage four diploid sections (Sympherica, Phaeostoma, Fibula, and Eucharidium), previously not placed together by Lewis and Lewis (1955) . Section Eucharidium with [Volume 15 its distinctive stamen reduction, pollen features (Small et al. 1971) , elongated floral tube, and unique pollination syndrome represents the greatest morphological divergence from putative ancestral and extant clarkias (Lewis 1980) . Section Eucharidium originally was retained within Clarkia only because one of its two species, C. concinna (Fischer & C. Meyer) E. Greene, was strongly implicated as one parent of the allotetraploid C. pulchella Pursh (Lewis and Lewis 1955) . The weight of the PGI gene duplication evidence led Lewis (1980) to accept the argument of Gottlieb and Weeden (1979) and to propose the phylogeny illustrated in figure lb.
In this paper we analyze sectional and evolutionary relationships within Clarkia using restriction site mapping of cpDNA from representatives of all diploid sections and the polyploid C. pulchella. Analysis of the independently derived, DNA-based, phylogenetic trees will: 1) examine intersectional relationships within Clarkia, 2) test the monophyly of the group encompassing the PGI gene duplication, and 3) examine the relationships of the polyploid Clarkia pulchella (sect. Clarkia) to putative parental diploid sects. Eucharidium and Myxocarpa. This study extends the phylogenetic analysis of restriction site mutations in sect. Sympherica (Sytsma and Gottlieb 1986a, 1986b) and extends the initial intersectional results presented recently (Sytsma and Smith 1988) .
MATERIALS AND METHODS
Seeds of one population of two representative species for each of the seven diploid sections (one species in the monotypic sect. Fibula) and the single species of polyploid sect. Clarkia were germinated, grown for four to seven weeks, and total DNA extracted using the protocol of Zimmer et al. (1981) . The species sampled are listed in table 1.
Restriction site mapping of 18 enzymes rather than simple restriction fragment comparisons was used to examine the phylogenetic relationships among the sections in Clarkia. This method involves reciprocal double digests to map an enzyme's restriction sites exactly relative to sites of other enzymes. Although this method is more laborious and less productive in terms of numbers of mutations screened, it produces precise cpDNA maps for groups (such as at the sectional level in Clarkia) in which variation is often too great and interpretation of homology too difficult for straightforward fragment pattern analysis. The restriction enzymes Pst I, Sal I, Sma I, Kpn I, Pvu II, Xho I, Nru I, Sst I, and Bgl I were used singly to digest total DNA's and in double digests with at least two other enzymes. The restriction enzymes Sst II, EcoN I, Stu I, Sph I, Mlu I, Apa I, ApaL I, BstE II, and EcoR V were used singly to digest total DNA's and in double digests with only Sst I. Replicate filters were successively probed with the entire Petunia clone bank (courtesy of J. Palmer and E. Clark), portions of the Lactuca clone bank (courtesy of R. Jansen), and rbcL and atpf3 gene clones (courtesy of G. Zurawski). Map positions for these probes are illustrated elsewhere (Sytsma and Gottlieb 1986b, fig. 1 ). Alignment of the maps was facilitated by the general conservation of chloroplast genome arrangement (Palmer 1985a (Palmer , 1985b (Palmer , 1986a (Palmer , 1986b Palmer and Stein 1986) and of specific restriction sites, especially sites of Pst I within the rbcL gene and Pvu II and Sma I within the rRNA genes of the inverted repeat (Sytsma and Gottlieb 1986b; J. Palmer, pers. comm.) . The EcoR V sites within the large single copy region of the chloroplast genome homologous to Petunia clones P3 and P6 have not yet been mapped and, therefore, were not used in this analysis due to the number of EcoR V fragments seen in the region. Methods of electrophoresis, blotting, nick translation, hybridization, and stripping of filters follow that of Sytsma and Schaal (1985) .
Phylogenetic analysis utilized Wagner parsimony (Farris 1970) (Watrous and Wheeler 1981) . The PAUP option BANDB ("branch and bound" method of Hendy and Penny 1982) was run to find most parsimonious trees. Wagner trees were also examined for the types of convergences (gain/loss, convergent loss, loss/gain, convergent gain) and compared based on the number of less likely convergences in each tree (Templeton 1983a (Templeton , 1983b . Shortest most parsimonious trees were used in the PAUP consensus tree program (CONTREE) to construct a strict consensus tree (Rolf 1982) . The BOOTSTRAP (Felsenstein 1985) program in PHYLIP was used to place confidence levels on the branches defining monophyletic groups. Additionally, the distance algorithm of Fitch and Margoliash (1967) in PHYLIP was used to construct unrooted trees based on overall measures of genetic divergence. The p value of Nei and Li (1979) , the estimated proportion of nucleotide base substitutions per nucleotide position, was used as the cpDNA divergence measure in this algorithm. Nei (1987) has presented a slightly different method of deriving p values, but the older method is used here for sake of comparison to published values. Examples of detailed phylogenetic analyses of restriction site data are presented in Sytsma and Gottlieb (1986b) and Jansen and Palmer (1988) .
RESULTS
Restriction Site Variation. Restriction site maps of cpDNA's from the seven sections of Clarkia and from Epilobium brachycarpum are presented elsewhere (Sytsma et al., in prep.) . Seven of the 18 restriction enzymes are mapped for C. biloba (Durand) Nelson & J. F. MacBr. in Sytsma and Gottlieb (1986b) . The 18 restriction enzymes mapped to date recognize 246 sites on average in each cpDNA. This represents 0.9% of the total 170 kb nucleotide sequence of each cpDNA [cpDNA size based on C. biloba (Sytsma and Gottlieb 1986b) ]. A total of 122 restriction site mutations were found among the 14 Clarkia species examined (table 2) . Numerous additional site mutations were found in Epilobium relative to all clarkias but these were not further analyzed because they did not provide information concerning relationships among Clarkia ApaL ILi 9-11,13,14 120.
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sections; however, they are being used in a family-wide phylogenetic analysis (Sytsma and Smith, in prep.) . Of the 122 restriction site mutations documented, 66 are phylogenetically informative and 56 are not. Divergence values (p) among the 14 Clarkia species range from 0.006 between C. xan'tiana A. Gray and C. bottae (Spach) Lewis & Lewis to 0.035 between C. concinna and C. mildrediae (Heller) Lewis & Lewis (table 3) . Values reported here are relatively low because of the enzymes selected. In a comparable analysis of Clarkia sect. Sympherica (Sytsma and Gottlieb 1986a, 1986b) , C. biloba and C. rostrata exhibited a divergence value of 0.015 based on 29 restriction enzymes and 605 restriction sites per chloroplast genome, while in this study the two species had a divergence value of 0.007 based on only 18, presumably more conservative, enzymes and 246 restriction sites. The largest divergence values reported here among sections of Clarkia (greater than 0.03) should be considered underestimates of sectional divergence when compared to other cpDNA studies that utilize simple fragment comparisons with many more enzymes. The intersectional divergence values in Clarkia are higher than found in Lycopersicon (Palmer and Zamir 1982) , Populus , and Brassica (Palmer et al. 1983) and even higher than divergence among genera of the Juglandaceae and Salicaceae (see Sytsma and Smith 1988) . Only the genera Atriplex and Fuchsia have larger divergence values (see Sytsma and Smith 1988) . The divergent nature of Clarkia sections is especially pronounced when its greatest sectional p value (0.035) is compared to the greatest p value within the entire Asteraceae (0.054) (Jansen and Palmer 1988).
Phylogenetic Analysis. The PAUP program using option BANDB found four most parsimonious trees of 146 steps (24 convergences) and with a consistency index (Kluge and Farris 1969) of 0.836 ( fig. 2) . Two of these have an unresolved node and are equivalent to the same .trichotomous tree ( fig. 3 ). The Wagner trees were converted to Dollo parsimony trees by changing the unlikely convergent gains or loss/gains to the more likely convergent losses or gain/ losses (Templeton 1983a (Templeton , 1983b . The Dollo trees have lengths of 168, 175, 175, and 182, respectively ( fig. 2) . The Dollo parsimony option in PHYLIP generated a single most parsimonious tree of 168 steps ( fig. 2a) . Bootstrap analysis with 100 replicates provided the confidence levels shown ( fig. 3) . A strict consensus tree was derived from the most parsimonious trees ( fig. 4a) .
Sections Sympherica, Phaeostoma, Fibula, and Godetia form a monophyletic lineage in all most parsimonious trees, although the bootstrap support for this grouping (27%) is weak. Sections Eucharidium /Clarkia, Rhodanthos, and Myxocarpa are each monophyletic. The relationships among these four groups are not clearly determined, but the three most likely of the four shortest trees (as assessed by the combined results of Wagner and Dollo parsimony and Bootstrap analysis) all place sect. Myxocarpa as the sister group to the rest of the genus. On present evidence, the other three lineages are most appropriately described as a trichotomy.
The high level of homoplasy in the Clarkia data set (16% rate of homoplasy), identical to that found within the entire Asteraceae (Jansen and Palmer 1988) could be due in part to: 1) the more rapid divergence of cpDNA in the strictly annual Clarkia, 2) the greater age of Clarkia relative to most genera of the Asteraceae, and/or 3) multiple changes between the outgroup Epilobium and the ingroup Clarkia. The first two situations can only be examined in relationship to other genera of the family and to other families, an analysis now under way. The third possibility would give rise to trees in which errors are made in the determination of the plesiomorphic character states for Clarkia. An additional PAUP analysis with exclusion of the outgroup taxon was, thus, performed to determine whether relationships among Clarkia sections would change relative to inclusion of this outgroup. Removal of Epilobium resulted in three most parsimonious unrooted trees congruent in topology to trees in figures 2a-c. Based on proportion of likely to unlikely convergences (Dollo parsimony), these three trees are also more likely than the tree in figure 2d when Epilobium is used as the outgroup. This congruency indicates that the use of Epilobium (rather than perhaps more closely related genera in the tribe Onagreae to which Clarkia belongs) as an outgroup genus probably has little effect on the resulting Clarkia cladograms.
The BBSAVE option of PAUP was used to find all trees one step longer than the four most parsimonious trees. Twenty-one such trees were obtained. The consensus tree for all 25 trees, 146 or 147 steps, has an unresolved polychotomy at the base with most of the sections forming separate lineages ( fig. 4b) .
Unrooted trees (phenograms) based on the distance approach of Fitch and Margoliash (1967) were obtained using PHYLIP (FITCH) with p values. The unrooted tree with branch distances exhibiting the least average percent standard deviation from expected values (%ST = 5.684) is shown ( fig. 5 ). Because one branch is very short (0.02), this unrooted tree in effect shows four clusters of sections radiating from a central point. By moving the point of attachment of the lineage comprising sects. Myxocarpa (C. virgata E. Greene, C. mildrediae) and Rhodanthos (C. (fig. 5 ), unrooted trees with only slightly larger average percent standard deviations (5.686 and 5.693, respectively) are produced (note that position A generates a different unrooted tree whereas position B generates an unresolved tree). The most likely parsimonious tree ( fig. 2a) , when utilized as a user topology in FITCH, generates an unrooted tree with a considerably larger average percent standard deviation (6.311). The distance results, thus, contrast with the parsimony results in grouping sect. Myxocarpa with Rhodanthos, and in separating sect. Godetia from the cluster formed by sects. Sympherica, Phaeostoma, and Fibula. C. williamsonii FIG. 5 . Unrooted tree depicting relationships within Clarkia using the Fitch and Margoliash algorithm with p distance values (best tree of 276 examined). Letters refer to nearly equally probable placements for the lineage comprising sects. Myxocarpa (C. virgata, C. mildrediae) and Rhodanthos (C. amoena, C. lassenensis).
Gray lines represent the branches that provide the ambiguity among these three shortest unrooted trees. Numbers are calculated divergence values for each representative branch. Branches are drawn to scale. Midpoint rooting places the root in the area of ambiguity.
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However, when trees only one step longer are considered, the resulting consensus tree ( fig.  4b ) provides considerably less information about relationships among sections. Also, the partial incongruity of the distance results ( fig. 5) , usually congruent with parsimony results in cpDNA studies (e.g., Sytsma and Gottlieb 1986b) , renders a cautionary note. Thus, the sectional relationships suggested by the parsimony analysis provide an interesting basis for further investigation but must be regarded as tentative.
Clarkia bottae of sect. Fibula is closely related to C. xantiana of sect. Phaeostoma. In fact these two species share a more recent common ancestor than does C. xantiana with C. unguiculata Lindley of the same section (86% bootstrap, fig.  3 ). These results support but do not prove the suggestion that sect. Fibula has a diploid hybrid origin between species of sect. Phaeostoma and Sympherica with the stems, leaves, and position of buds similar to sect. Phaeostoma and the flowers similar to sect. Sympherica (Lewis and Lewis 1955) . However, the relationship is with C. xantiana rather than with C. unguiculata as originally proposed. There is some support for the placement of C. unguiculata at the base of sect. Sympherica, suggestive that sect. Phaeostoma might be paraphyletic.
The grouping of sect. Godetia with sects. Sympherica, Phaeostoma and Fibula in the four shortest trees is unexpected. The monophyletic nature of sects. Godetia, Phaeostoma, Fibula, and Sympherica seen in all the four shortest trees (figs. 2, 4a) places all species with n = 8 or 9 together and excludes all those with n = 7. If n = 7 is the plesiomorphic condition in Clarkia (Lewis 1953a (Lewis , 1953b (Lewis , 1980 Small 1972b) , the evolution to n = 8 and 9 would only have had to occur in one lineage if these relationships hold. These relationships are lost, however, when the one-step longer trees are examined. A strong relationship in the 25 shortest trees exists between sect. Eucharidium and the allotetraploid sect. Clarkia (see below).
Basal Lineages: Morphology vs. cp-DNA. Results of a previous study (Sytsma and Smith 1988) differ from this analysis only in the placement of sect. Godetia as the "sister group" to the rest of Clarkia. In the present analysis, only two sections (Myxocarpa and Eucharidium) are ever placed at the base of Clarkia. Section Myxocarpa is the sister group to the rest of the genus in 20 of the 25 trees, 146 or 147 steps long. In the remaining five trees, sect. Myxocarpa is the second lineage to diverge following the early divergence of sect. Eucharidium. These two diploid sections (with polyploid sect. Clarkia) implicated as basal lineages in the cpDNA tree possess a number of derived morphological and cytological character states. Section Myxocarpa shows a strong aneuploid reduction series from n = 7 to n = 5, and is the only section with n = 5. Petals in the section are constricted into a claw, which is expanded into a pair of lateral teeth or lobes near the base; and flaps of sterile tissue are present at the base of stamens (Lewis 1980; Lewis and Lewis 1955) . The diploid species are allopatric endemics in the yellow pine association in the foothills of the Sierra Nevada of California (Small 1972a (Small , 1972b .
Section Eucharidium is undoubtedly the most morphologically divergent lineage in Clarkia, originally being retained within Clarkia only because it was considered to be one of the diploid parental sections (along with sect. Myxocarpa) of the allotetraploid C. pulchella (Lewis and Lewis 1955 ; see also the following discussion). The two species of sect. Eucharidium retain the chromosome number n = 7 but differ from all other diploid clarkias in possessing distinctive 3-clawed petals; an elongated and narrow floral tube adapted to pollination by butterflies, moths, and long-tongued flies rather than by bees; a reduction of stamens from eight to four; and distinctive pollen exine (Lewis 1980; Lewis and Lewis 1955; MacSwain et al. 1973; Small et al. 1971) .
Section Rhodanthos has long been viewed as the extant section with the largest suite of primitive character states in Clarkia: large, bowlshaped flowers with petal markings; outcrossing breeding system; chromosome number n = 7; and a northern mesic distribution (Lewis 1980; Lewis and Lewis 1955) . Section Rhodanthos, however, is never placed as the sister group to the rest of Clarkia, but diverges as the second or third lineage in all 25 shortest or one-step longer trees. Although possessing numerous primitive morphological character states, sect. Rhodanthos exhibits a chloroplast genome that is relatively derived compared to sect. Myxocarpa and, in the majority of the 25 trees, to sect. Eucharidium as well.
The cpDNA evidence in Clarkia, thus, suggests that one and perhaps two of the most morphologically divergent sections are basal clades and that the section with the largest suite of primitive morphological character states is not basal. Are these molecular and morphological results incongruent? The answer is not necessarily yes. The sectional relationships of Clarkia suggested by Lewis and Lewis (1955) (fig. la) and Lewis (1980) (fig. lb) are not based on cladistic principles. The taxonomy of Clarkia, and, thus, phylogenetic interpretations, has been based on a "phenetic/ evolutionary" approach as described by Donoghue and Cantino (1988) . As a rigorous cladistic analysis of morphological and cytological characters has not yet been done for Clarkia, it might be premature to compare critically the morphological and cpDNA results.
Even if a morphological cladistic analysis would demonstrate that many of the character states in sect. Rhodanthos are primitive and that those in sects. Myxocarpa and Eucharidium are derived, the cpDNA and morphological results might still be congruent. The retention of primitive character states in sect. Rhodanthos does not necessarily provide it basal status in Clarkia. Conversely, the presence of numerous derived morphological and cytological character states in sects. Myxocarpa and Eucharidium does not necessarily exclude them from basal status. Their derived character states could be also viewed as autapomorphs evolving in long separated basal clades. Implicit in this argument is that unequal rates of morphological divergence have occurred in the different lineages arising from the ancestral Clarkia. Such inequality of morphological divergence rates (relative to more constant cpDNA evolution) has been demonstrated in Clarkia sect. Sympherica and Heterogaura (Sytsma and Gottlieb 1986a, 1986b; Sytsma and Smith 1988) and in other families (Palmer et al. 1988; Sytsma 1990) .
Monophyly of Lineages with Duplicated or Silenced PGI Genes. Sections Sympherica, Phaeostoma, Fibula, and Eucharidium have been proposed to be monophyletic, based on the shared presence of a PGI duplication (Gottlieb and Weeden 1979) . The present cpDNA restriction site evidence provides support for the grouping of the first three sections, and hence supports the hypothesized loss or silencing of one PGI locus in Clarkia rostrata (the only species in sect. Sympherica to lack the duplication), but none of the 25 shortest trees places sect. Eucharidium with the other three sections in their own monophyletic lineage. Moreover, sect. Godetia, which does not express two cytosolic PGI genes, is placed with the other three sections in all 146-step trees. However, the bootstrap support for this grouping is weak. In view of the limited support given to some sectional groupings by the presently available cpDNA data, the prediction based on PGI duplication cannot be conclusively refuted. If the grouping of figure 3 is correct, then the distribution of PGI duplications must be accounted for by a convergent gain in Eucharidium or a loss in an ancestor of sect. Godetia, and perhaps also in sect. Rhodanthos.
Analysis of PGI gene number, however, groups sects. Sympherica, Fibula, and Phaeostoma, not previously considered a monophyletic lineage (Lewis and Lewis 1955) , as does analysis of cpDNA restriction sites. Preliminary nuclear rDNA evidence also supports the monophyletic nature of these three sections. They share a synapomorphic gain of an Sst I site in the 18S gene of nrDNA (Sytsma and Smith 1988) . The fourth section with the duplication, sect. Eucharidium, retains the plesiomorphic condition also found in sects. Myxocarpa, Godetia, and Rhodanthos and the genera Oenothera and Lopezia. This nuclear rDNA evidence, although supporting the monophyletic nature of three of the sections containing the PGI duplication, does not necessarily refute the monophyletic nature of all four sections with the PGI duplication. This rDNA site mutation could also have arisen within a monophyletic lineage of the four sections but after the divergence of sect. Eucharidium.
Final definitive resolution of the relationships of the four sections with duplicated PGI, must await either significantly more informative cpDNA restriction site mutations or nucleotide sequencing of the PGI genes both from sections with the duplication and without the duplication . The nucleotide sequence analysis of the various PGI genes should be able to differentiate among several possible scenarios involving the duplication: 1) that the four sections with the duplication are strictly monophyletic and the cpDNA results do not reflect a nuclear genome phylogeny; 2) that sect. Eucharidium has independently gained the duplication relative to the other three sections; and 3) that the duplication occurred ancestrally to the genus Clarkia and that gene silenc- [Volume 15 TABLE 4 . Morphological, cytological, and biogeographic comparison of the allotetraploid Clarkia pulchella and its putative diploid parents C. concinna and C. virgata (based on Lewis 1955; Lewis and Lewis 1955; Narayan 1988; Small et al. 1971 Odrzykoski and Gottlieb (1984) ] has occurred two or three times in lineages comprising the sects. Rhodanthos, Godetia, and Myxocarpa. It should be stressed that cpDNA results completely supported the then controversial relationships within sect. Sympherica suggested by duplication and subsequent differential silencings of both 6PGDH loci (Odrzykoski and Gottlieb 1984; Sytsma and Gottlieb 1986b) .
Origin of the Tetraploid Clarkia pulchella. Clarkia pulchella (n = 12), the lone member of sect. Clarkia, has been thought to be an allotetraploid derivative of an intersectional cross between C. concinna (n = 7, sect. Eucharidium) and C. virgata (n = 5, sect. Myxocarpa) (Lewis and Lewis 1955) . Lewis and Lewis (1955) used this relationship to maintain the distinctive species of sect. Eucharidium within Clarkia. The origin of C. pulchella via hybridization is supported by its morphological additivity for characters of the anthers, petal, pollen, and for chromosome number (table 4). The two putative diploid parents are, however, now completely allopatric and also do not overlap with the wideranging and successful C. pulchella. Clarkia pulchella is in fact the only species of Clarkia (besides C. rhomboidea Dougl. of sect. Myxocarpa) occurring east of the Cascades where it is found in Oregon, Washington, and Idaho. This biogeographic evidence suggests that the hybridization and subsequent chromosome doubling was an ancient event occurring when the two parental diploid species (or their ancestors with similar morphologies) were sympatric (Lewis 1980) .
The cpDNA analysis indicates that the chloroplast genome of Clarkia pulchella is very similar to the chloroplast genome of sect. Eucharidium. All four most parsimonious trees and 21 one-step longer trees place C. pulchella and sect. Eucharidium as "sister groups" (fig. 4a, b) . Eight mutations unite the two sections as a monophyletic lineage with this lineage having a high (86%) statistical probability in bootstrap analysis ( fig. 3) . Interestingly, the cpDNA analysis indicates that C. pulchella diverged from its diploid progenitor in sect. Eucharidium prior to the split of the diploid C. concinna and C. breweri (A. Gray) E. Greene. This result is entirely consistent with: 1) the proposed ancient origin of C. pulchella based on present day distributions of the putative parental diploid species and the allotetraploid and 2) the more recent derivation of xeric-adapted C. breweri from a mesicadapted species in sect. Eucharidium, C. concinna or its immediate ancestor (Lewis 1953a (Lewis , 1953b (Lewis , 1980 Lewis and Lewis 1955) . The cpDNA of C. breweri is unusual in that four of the six autapomorphs it has accumulated since diverging from its common ancestor with C. concinna are actually convergences with sects. Sympherica, Phaeostoma, Fibula, and Godetia ( fig. 3) . The evolutionary implication of this finding is unclear, although we note that the former three sections also have the PGI duplication.
Section Eucharidium represents the maternal diploid parent of C. pulchella as cpDNA has been demonstrated to be maternally inherited in some Clarkia [sixteen F1 hybrids derived from reciprocal crosses between C. unguiculata and C. dudleyana (sect. Sympherica) all contained the chloroplast genome of the maternal parent (data not shown)]. Morphological characters, such as lateral projections on the claw of petals and sterile flaps at the base of stamens, both strictly confined to C. pulchella and sect. Myxocarpa, strongly implicate sect. Myxocarpa as the paternal diploid parent. The only extant species of sect. Myxocarpa with the necessary five chromosomes to obtain an n = 12 allotetraploid by crossing with n = 17 sect. Eucharidium are C. virgata and C. australis Small (Small 1971 (Small , 1972b . Clarkia australis is perhaps less likely a candidate as it represents the most recent lineage in sect. Myxocarpa with its southern distribution and xeric-adapted suite of characters (Small 1972a (Small , 1972b . Surprisingly, the nuclear genome of C. pulchella and C. virgata are identical in 2C content with sect. Eucharidium having nearly 3 x their value (Narayan 1988 ; see also table 4).
The cpDNA restriction site analysis, morphological, and cytological results provide strong support for the origin of Clarkia pulchella via a cross between C. concinna (or its immediate ancestor) as the egg source and C. virgata (or an n = 5 ancestor) as the pollen donor. The hybridization and subsequent chromosome doubling event must not have occurred recently judging from cpDNA divergence, the basal nature of sect. Myxocarpa and possibly sect. Eucharidium, and the present day allopatric nature of C. pulchella and the two parental diploid sections.
In summary, this cpDNA restriction site analysis within Clarkia indicates that species within sections generally form well demarcated lineages (i.e., possess numerous synapomorphs) similar to those proposed on more traditional information (Lewis and Lewis 1955 ). An obvious problem, however, is the low number of synapomorphic characters shared by two or more sections. The bootstrap and consensus tree analysis of shortest and one-step longer trees indicate that full resolution is not yet possible for the deepest branches in the Clarkia cpDNA tree ( figs. 3, 4) . A rapid and early divergence of many of the sections within Clarkia would account for the relatively low numbers of phylogenetically informative site changes encountered among sections. In this scenario a slowly evolving chloroplast genome would not be expected to exhibit numerous changes in the short time intervals when the major groups within Clarkia were rapidly diverging. Additionally, the greater amount of homoplasy expected and seen among these ancient lineages (16%) would further obscure the weak intersectional relationships. Conversely, most cpDNA sequence changes would be expected in the longer time periods after most sections had already diverged from each other. Many of the sections are well delimited by numerous cpDNA site mutations and species groups within sections can be statistically supported (see also Sytsma and Gottlieb 1986b; Sytsma and Smith 1988) . A similar situation has been reported in a cpDNA analysis of Oncidium (Orchidaceae) in which there is little statistical support for lineages representing early divergence in the genus, but good support for later diverging lineages (Palmer et al. 1988 ). This discrepancy was attributed to a rapid and early diversification of the major groups within Oncidium, similar to what is indicated here for Clarkia. Despite the inherent weaknesses of the Clarkia cpDNA data at the sectional level, certain phylogenetically informative results are still evident.
